Disappearance of normal bone marrow (BM) plasma cells (PC) predicts malignant transformation of monoclonal gammopathy of undetermined significance (MGUS) and smoldering myeloma (SMM) into symptomatic multiple myeloma (MM). The homing, behavior and survival of normal PC, but also CD34 þ hematopoietic stem cells (HSC), B-cell precursors, and clonal PC largely depends on their interaction with stromal cell-derived factor-1 (SDF-1) expressing, potentially overlapping BM stromal cell niches. Here, we investigate the distribution, phenotypic characteristics and competitive migration capacity of these cell populations in patients with MGUS, SMM and MM vs healthy adults (HA) aged 460 years. Our results show that BM and peripheral blood (PB) clonal PC progressively increase from MGUS to MM, the latter showing a slightly more immature immunophenotype. Of note, such increased number of clonal PC is associated with progressive depletion of normal PC, B-cell precursors and CD34 þ HSC in the BM, also with a parallel increase in PB. In an ex vivo model, normal PC, B-cell precursors and CD34 þ HSC from MGUS and SMM, but not MM patients, were able to abrogate the migration of clonal PC into serial concentrations of SDF-1. Overall, our results show that progressive competition and replacement of normal BM cells by clonal PC is associated with more advanced disease in patients with MGUS, SMM and MM.
Introduction
Plasma cell (PC) disorders include an heterogeneous spectrum of diseases, from pre-malignant conditions with variable rates of progressionFE1 and 10% per year for monoclonal gammopathy of undetermined significance (MGUS) and smoldering myeloma (SMM), respectively [1] [2] [3] [4] Fto symptomatic multiple myeloma (MM) with median overall survival rates of 3-7 years. 5, 6 Despite the different tumor mass [7] [8] [9] [10] [11] [12] [13] [14] and clinical behavior of the disease, clonal PC from MGUS, SMM and MM patients show highly similar and largely overlapping genetic profiles. [15] [16] [17] In addition, no clear phenotypic differences have been reported so far among clonal PC from MGUS, SMM and MM, 18 except for a few molecules involved in the interaction between PC and their microenvironment. 19 We have previously shown that the proportion of normal PC within the bone marrow (BM) PC compartment (normal PC/BM PC) is an efficient single parameter for discrimination between MGUS and MM; 20 at diagnosis, most MGUS cases (480%) display 45% normal PC/BM PC, 21 whereas the great majority (485%) of symptomatic MM show o5% normal PC/BM PC. 22 Additionally, the presence of 45% normal PC/BM PC at diagnosis is associated with both a lower risk of progression of MGUS and SMM, 21 and a favorable outcome in MM. 22 In turn, a progressive decrease in the serum levels of uninvolved immunoglobulins (Ig) is observed from MGUS to SMM and MM. 21, 22 Altogether, these results suggest that disappearance of normal BM PC followed by impaired secretion of normal Igs is associated with malignant transformation of MGUS and SMM as well as disease progression in MM.
Serum Ig levels are tightly regulated in humans and they largely depend on Ig production and secretion by long-living BM and mucosa-associated lymphoid tissue-derived PC. 23, 24 Recently produced normal PC, which have left secondary lymphoid tissues through peripheral blood (PB), usually need to migrate into BM niches and adhere to CXCL12 (SDF-1)-expressing BM stromal cells to become long-living BM PC. 23, 24 SDF-1-expressing BM stromal cells are also crucial for early pro-B 25 andFtogether with interleukin-7-expressing cells 25 Fpotentially also for later pre-B-cell development 26, 27 into immature/transitional and naive B-cells that will exit the BM through PB. 28 These findings suggest that due to the limited number of BM PC niches, normal PC as well as normal B-cell precursors 25 could compete with clonal PC for BM PC niches; in turn, CXCL12-CXCR4 signaling appears to be also a key component of the CD34 þ hematopoietic stem cell (HSC) niche. 29, 30 Interestingly, recent results show that in normal individuals, both CD34 þ HSC and PC recirculate between the BM and the PB. 23, 31, 32 Accordingly, it can be hypothesized that BM B-cell precursors, CD34
þ HSC and PC are under a tight and continuous regulation by the SDF-1/CXCR4 axis, with a certain degree of competition among them, for the same BM niches. In this competition, an advantage could be expected for the malignant clone based on its numerical expansion. An additional factor to be considered is the advanced age of these patients as SDF-1-expressing BM niches undergo age-induced impairment in their ability to support normal hematopoiesis, 33 which could be partly explained by a progressive increase in the number of adipocytic deposits in the BM. 34, 35 Thus, progressive replacement of normal precursors and normal PC by the malignant clone could contribute to explain the occurrence of cytopenias and hypogammaglobulinemia in MM patients.
In this study, we analyze the distribution and competitive migrating capacity of B-cell precursors, CD34
þ HSC, normal PC and clonal PC in the BM and PB of patients with PC disorders vs healthy adults (HA) aged 460 years. Taken together, our results show that progressive competition and replacement of normal BM cells by clonal PC is associated with the malignant transformation of MGUS and SMM and progression of symptomatic MM.
Materials and methods

Patients, controls and samples
Overall a total of 206 patients with clonal PC disorders were prospectively studied. These included newly diagnosed MGUS (n ¼ 60), SMM (n ¼ 47) and MM (n ¼ 87) patients, plus 12 MM cases studied at day þ 100 after high-dose therapy/autologous stem cell transplantation (MM POST-HDT/ASCT). In all cases, diagnosis was established according to the International Myeloma Working Group criteria. 36 Patients with SMM had a high-risk of progression to symptomatic disease with X2 of the following three criteria at diagnosis: BM PCX10%; M-component IgGX30 g/l or IgAX20 g/l or Bence-Jones protein 410 g/l, and X95% clonal PC from all BM PC and immune paresis. Patients' relatively short follow-up precluded survival analysis in the present study.
The were studied, with paired BM and PB samples available in 6 of these latter 20 HA analyzed. For BM control samples, no significant differences in their compositions were observed between subjects who were younger and those older than 55 years (Supplementary Table 1 ).
All control and patient samples were collected after informed consent was given by each individual, according to the local ethical committees and the Helsinki Declaration.
Multiparameter flow cytometry immunophenotypic studies
Approximately 1 ml of EDTA-anti-coagulated PB/case was immunophenotyped using a direct eight-color immunofluorescence stain-and-then-lyse technique, 32, 37 with the following combination of monoclonal antibodies (Pacific blue (PB)/ anemonia majano cyan (AmCyan)/fluorescein isothiocyanate/ phycoerythrin (PE)/peridinin chlorophyll protein-cyanin 5.5 (PerCP-Cy5.5)/PE-cyanin 7 (PE-Cy7)/allophycocyanin/alexafluor 700 (AF700)): CD20/CD45/surface IgM (sIgM) or sIgl/ sIgG, sIgA or sIgk/CD19/CD10/CD27/CD38. In all PB samples analyzed, the following maturation-associated B-cell subsets were identified 32 in addition to circulating plasmablasts/PC (CD10
Because of their different patterns of expression of CD38, CD19 and CD45, and their unique light scatter characteristics, 22, 38 this multiparameter eight-color staining also allowed detection of circulating PB clonal PC, as clearly different from normal circulating PB plasmablasts/PC. In a subset of 13 cases (2 MGUS, 2 SMM and 9 MM), a more detailed phenotypic characterization of PB vs BM clonal PC was performed using the following antibody combinations: (i) CD19/CD45/sIgl/sIgG plus sIgA/CD138/CD27/sIgk/CD38; (ii) CD19/CD45/CD20/CD22/ CD138/CD27/CD56/CD38; (iii) CD19/CD45/FMC7/CD24/CD138/ CD27/CD43/CD38 and (iv) CD19/CD45/CD40/CXCR4/CD138/ CD27/CD28/CD38.
Erythrocyte-lysed whole-BM samples (and also their paired PB samples) were immunophenotyped using a single eight-color antibody combinationFCD20/CD45/CD34/CXCR4/CD19/CD10/ CD27/CD38Faimed at the identification and enumeration of the following BM cell populations: (i) CD34 þ precursors and
À/ þ ) and clonal PC. 22, 39, 40 In PB samples, the following cell populations were identified with the same eight-color combination: (i) CD34
þ HSC, normal PC and clonal PC.
Data acquisition was performed in a FACSCanto II flow cytometer (Becton Dickinson Biosciences (BDB), San Jose, CA, USA) using the FACSDiva software (version 6.1; BDB), and a two-step acquisition procedure: first, information on 5 Â 10 POST-HDT/ASCT cases. Plasma levels of SDF-1 were measured using a quantitative enzyme-linked immunosorbent assay (Quantikine, R&D systems Inc., Minneapolis, MN, USA) following the manufacturer's recommendations.
Transwell migration assay
Heparinized BM samples were obtained from HA (n ¼ 4) and MGUS (n ¼ 4), SMM (n ¼ 4) and MM (n ¼ 4) patients at diagnosis. Mononuclear cells were separated by ficoll-hypaque density gradient centrifugation and re-suspended in RPMI-1640 with 1% L-glutamine and 0.5% bovine serum albumin. Cells were placed in the upper chambers of 6.5 mm transwell plates (Costar, Corning, Acton, MA, USA) separated by an 8 mm pore size filter. SDF-1 (R&D systems) was added to the lower chambers at concentrations of 0, 30 and 70 nM. After 4 h at 37 1C, cells in the lower compartments were collected in Trucount tubes (BDB) and quantified by multiparameter flow cytometry, following the manufacturer's instructions. The different cell subsets were identified by multiparameter flow cytometry using the following five-color antibody combination (fluorescein isothiocyanate/PE/ PE-Cy7/PerCP-Cy5.5/allophycocyanin): CD38/CXCR4/CD19/CD45/ CD34. Specific migration for SDF-1 of potentially competing cell populationsFBM normal PC, B-cell precursors, CD34 þ HSC and clonal PCFwas determined for each cell population using the following formula: Of note, migration of cells from HA into the lower chambers in the presence of SDF-1 was significantly higher than when SDF-1 was absent with two to five fold increased migration rates.
Statistical analyses
The Mann-Whitney U and the Kruskal-Wallis tests were used to evaluate the statistical significance of differences observed between two or more groups, respectively. Antigenic profiles of BM vs PB clonal PC were compared using the Wilcoxon signed rank test, and correlation studies were performed using the Pearson's test. For all statistical analyses, the SPSS software (version 15.0; SPSS Inc., Chicago, IL, USA) was used and corrections were applied for multiple comparisons (Bonferroni's test).
Results
Distribution and immunophenotype of PB vs BM clonal PC in MGUS, SMM and MM
As expected, the overall percentage and median number of BM and PB circulating clonal PC found at diagnosis significantly increased from MGUS to SMM and MM patients (Supplementary Table 2 ). Upon comparing in detail the immunophenotypic features of clonal PC from paired BM vs PB samples in a subset of 13 MGUS, SMM and MM cases, highly similar patterns were found, with a few differences (Figure 1 ): PB clonal PC showed significantly lower amounts of sideward light scatter (Po0.001), together with lower levels of CD38 (P ¼ 0.001), CD40 (P ¼ 0.006), CD56 (P ¼ 0.03) and CD138 (P ¼ 0.02; Figure 1) ; by contrast, no significant differences were found regarding forward light scatter and other B-cell markers (for example, CD19, CD20, CD22, CD24, CD27, CD28, CD43, CD45, FMC7 and sIg). Of note, CXCR4 (CD184) was also detected at similar levels in paired BMFmean fluorescence intensity of 1145Fvs PB (mean fluorescence intensity: 1084) clonal PC (r 2 ¼ 0.86; Po0.001).
Cell surface expression of CXCR4 on BM clonal PC and PB SDF-1 levels in MGUS, SMM and MM 
Distribution of normal BM B-cell compartments in MGUS, SMM and MM patients
The overall median proportion of normal B-cells from the whole BM cellularity was significantly decreased in MM (1.6%; Po0.001) and SMM (2.1%; P ¼ 0.02) patients vs HA (3.7%), whereas it was normal in MGUS (P40.05), even when excluding clonal PC. This was mainly because of the presence of decreased percentages of both the pro-B (1.0 vs 5.0%; P ¼ 0.001) and pre-B (10 vs 24%; P ¼ 0.001) subsets within the overall B-cells in MM, whereas mature B-lymphocytes (87 vs 70%; P ¼ 0.008) were proportionally increased within the overall BM B-cell compartment (Figure 3) . Interestingly, the percentage of total B-cells in MM POST-HDT/ASCT BM returned to normal values, but with a clear predominance of pro-B (11 vs 5%; P ¼ 0.01) and pre-B (72 vs 24%; Po0.001) precursors over more mature B-cells (17 vs 70%; Po0.001) within the BM B-cell compartment.
Distribution of normal B-cell compartments and plasmablasts/PC in the PB of MGUS, SMM and MM patients
In addition to circulating normal plasmablasts/PC, four other maturation-associated subsets of B cells were systematically identified in the PB of MGUS (n ¼ 33), SMM (n ¼ 26) and MM (n ¼ 57) patients at diagnosis (Table 1) . Upon considering both the absolute and relative numbers of all PB B cells, no significant differences were found between HA vs MGUS, SMM and MM patients (Table 1) . However, a more detailed analysis of the composition of the overall PB B-cell compartment showed significantly lower percentages of naive B-lymphocytes (Pp0.03) in both MM and SMM vs HA (Table 1) . Conversely, non-switched memory B cells were increased (P ¼ 0.04) within the PB B-cell compartment in MM and SMM vs HA cases. Despite the overall percentage of normal PC in the BM was significantly lower among MM and SMM vs MGUS cases (Po0.001; Supplementary Figure 1) , the distribution of circulating PB normal PC was similar among groups (P40.05 vs HA). Interestingly, however, although the median proportion of CXCR4 þ normal PB PC (Figure 2b ) was similar between HA (11%), MGUS (14%) and SMM (15%), it was increased in MM (21%; P ¼ 0.05); MM POST-HDT/ASCT cases showed the lowest median percentage of CXCR4 þ PB normal PC (5%).
BM and circulating PB CD34 þ HSC from patients with MGUS, SMM and MM Overall, the median percentage of CD34 þ HSC from the whole BM cellularity was significantly decreased in MM (0.3%; P ¼ 0.001) and SMM (0.4%; P ¼ 0.002) patients vs HA (0.9%) and MGUS (0.8%), even upon excluding clonal PC (Figure 4a) . Interestingly, however, using the overall compartment of BM CD34 þ HSC as denominator, the median percentage of immature CD34
þ HSC was significantly increased in MM (39%; Po0.001) and SMM (28%; Po0.001) vs HA (20%); by contrast, the proportion of myeloid precursors was similar among all groups, whereas the median percentage of lymphoid precursors was lower in MM (3%; Po0.001) and SMM (13%; P ¼ 0.04) vs HA (16%). Interestingly, MM POST-HDT/ASCT patients showed normal numbers of CD34 þ HSC in their BM (1.1 vs 0.9% in HA; P40.05); however, a more detailed analysis of the different subsets of CD34 þ HSC in these latter patients showed a marked reduction of the more immature precursors (Po0.001) at the expense of an increased number of lymphoid precursors (Po0.001) within the overall compartment of CD34 þ HSC. In a subgroup of cases, we further investigated the distribution of circulating PB CD34
þ HSC in paired BM and PB samples (Figure 4b ). Our results show that both the relative and absolute number of PB CD34 þ HSC are normal in MGUS and SMM, but increased in MM (P ¼ 0.008 and P ¼ 0.06, respectively) when compared with HA. By contrast, in MM POST-HDT/ASCT patients the number of PB CD34
þ HSC returned to normal/ lower levels. Of note, these results suggest that the distribution of BM and PB CD34 þ HSC are progressively altered from MGUS to MM at diagnosis with an inverse behavior; lower levels of BM CD34 
À (mature) subsets (within the B-cell compartment) in the BM of HA aged 460 years vs patients with MGUS, SMM and symptomatic MM at diagnosis, as well as MM POST-HDT/ASCT. In this figure, CD38
hi /CD19 þ plasma cells were excluded from the analysis. *Po0.05, **Pp0.005, ***Po0.001 vs HA (Mann-Whitney U-test). Table 1 Distribution of normal PB B-cell and plasmablast/PC subsets in HA aged 460 years (HA460 years) vs patients with MGUS, SMM and symptomatic MM studied at diagnosis 
Relationship between different subsets of PB and BM cells competing for potentially overlapping BM niches
Upon comparing the distribution of different cell populationsFCD34 þ HSC, pre-B precursors and PC (both normal and clonal)Fpotentially competing for SDF-1-associated BM niches in paired BM and PB samples from HA (n ¼ 6) and patients with MGUS (n ¼ 12), SMM (n ¼ 6) and MM (n ¼ 17) studied at diagnosis, as well as MM POST-HDT/ASCT (n ¼ 12; Supplementary Figure 3) , a significant correlation (r 2 ¼ 0.42; Po0.001) was found between the percentage of these cell populations in the BM (CD34 þ HSC plus pre-B cells and PC) and the corresponding circulating populations in PB (CD34 þ HSC and PC). Interestingly, HA grouped together with MGUS cases, whereas SMM scattered between HA/MGUS and MM patients; MM POST-HDT/ASCT showed features similar to HA/MGUS cases (Supplementary Figure 3) . Despite these findings, it should be noted that while MM patients with detectable clonal PC in PB (Supplementary Table 3 ) showed significantly higher numbers of BM clonal PC vs cases who had no circulating PB clonal PC (median of 2.2 vs 11% clonal PC from the whole BM cellularity, respectively; P ¼ 0.001), among MGUS and SMM patients no differences were found or they were less pronounced.
'Ex vivo' competition between BM B cells, PC and CD34
þ HSC for SDF-1-induced migration
In HA, both the immature and myeloid subsets of CD34 þ HSC showed the highest migration potential in the presence of SDF-1, followed by pre-B cell precursors; conversely, normal PC barely migrated (for example, medians for an SDF-1 concentration of 30 nM of 6, 22, 4 and 0.01%, respectively; Figure 5a ). No significant differences were found for the migration of all cell populations analyzed between MGUS and SMM patients vs HA, except for clonal PC that showed an impaired migration in the presence of SDF-1 for the two concentrations used ( Figure 5 ). 
þ (lymphoid) subsets (within the CD34 þ HSC compartment) in the BM (a) and PB (b) of HA aged 460 years vs patients with MGUS, SMM and symptomatic MM at diagnosis, as well as MM POST-HDT/ASCT. *Po0.05, **Pp0.005, ***Po0.001 vs HA (Mann-Whitney U-test).
Altered bone marrow homing to PC niches in MG B Paiva et al
In turn, the migration potential of both the myeloid (P ¼ 0.04) and lymphoid (P ¼ 0.02) subsets of CD34 þ HSC, and pre-B cell precursors (P ¼ 0.02) was markedly reduced in symptomatic MM, particularly at lower SDF-1 concentrations (Figure 5a ). Most interestingly, the migration of clonal PC from symptomatic MM was markedly increased at both concentrations of SDF-1 used: median of 2.9 and 1.0% for SDF-1 concentrations of 30 and 70 nM, respectively.
Discussion
It has been shown that the proportion of residual normal/ polyclonal BM PC (from all BM PC) can be of value for the discrimination between MGUS and MM. 20 More recently, this parameter has also proved to be predictive for the progression of MGUS and SMM to symptomatic myeloma, 21 as well as for disease outcome in MM. 22 Despite its clinical impact, Figure 5 Transwell migration assays performed on isolated BM mononuclear cells from HA (n ¼ 4) vs patients with MGUS (n ¼ 4), SMM (n ¼ 4) and symptomatic MM (n ¼ 4) studied at diagnosis. The migration ofFCD34 Altered bone marrow homing to PC niches in MG B Paiva et al the potential mechanisms leading to such clinical associations remain largely unknown and only an association with immune paresis has been reported so far. 21, 22 Serum levels of polyclonal Igs are typically depressed in MM 5, 22 and, less frequently, also in MGUS and SMM; 21, 41 this has been related to the depletion of normal PC in the patients' BM. However, it should be noted that in MM, both parametersFimmune paresis and the proportion of normal PC from all BM PCFappear to be independently associated with patient outcome. 22 In this study, we confirm the existence of progressively decreasing numbers of normal BM PC from MGUS to SMM and MM patients, in parallel to an increase in both BM and PB clonal PC.
In order to become long-living PC, recently produced normal PC (and also clonal PC) need to be in close contact with SDF-1-secreting stromal cell niches in the BM. However, the number of such BM niches is finite 23 and functionally impaired in the elderly. 28, 33 Thus, the progressively decreased numbers of normal PC in the BM of MM patients could be because of an increased competition with the malignant clone for the BM PC niches. Interestingly, it has been suggested that adipocytes (whose numbers progressively increase in the BM microenvironment of elderly individuals) have equivalent functions to BM stromal cells in supporting clonal PC. 35 In such case, the decreased number of normal BM PC could be due, not to a decreased PC production, but to limited homing of recently produced PB PC into the BM because BM niches are overloaded with clonal PC. In line with this hypothesis, our results show that MM patients display normal numbers of normal PC in PB, despite undetectable in the BM of most patients. Of note, normal PB PC from patients with MM (but not MGUS and SMM) showed increased expression of the CXCR4 chemokine (SDF-1) receptor. As expression of CXCR4 by PC is considered to be a marker for predominant BM homing, 23, 42 these findings further support the notion that in symptomatic MM, the fraction of normal PB PC that should home to the BM remains in the circulation and accumulates in the PB of these patients.
Usually, PB clonal PC have been viewed as cells that leave the BM because of unique migration properties acquired at relatively advanced disease stages, particularly when clonal PC decrease their BM microenvironment dependency. 10 Alternatively, our results could also indicate that in order to spread the diseaseFlike normal BM PC 23, 32, 42 Fclonal PC could also leave the BM, recirculate into PB and home again into the BM at a different localization, in a kind of 'metastatic'/dissemination process. In line with this hypothesis, in this and other studies [7] [8] [9] [10] [11] [12] [13] [14] 43 circulating clonal PC were detected in a significant proportion of MGUS and SMM cases in addition to MM. A potential explanation for the recirculation of clonal PC in the early stages of the disease (for example, MGUS) could rely on the advanced age of MGUS patients, which could lead to lower numbers of available BM niches. 44 However, we failed to show any correlation between the presence of clonal PC in PB and patients' age. In turn, clonal PC from paired samples showed a slightly more immature immunophenotypic profile for PB vs BM clonal PC (for example, lower internal complexity and lower expression of CD38, CD138 and CD40). Clonotypic cells with a more immature phenotype have been repeatedly found in the PB of patients with monoclonal gammopathies, 12, [45] [46] [47] and decreased CD138 expression by circulating PB clonal PC could also indicate they are enriched in clonogenic cells, in line with the previously reported immunophenotypic properties of clonal PC showing stem cell properties. 46, 48 In the early steps of B-cell maturation, B-cell precursors also adhere to SDF-1-expressing reticular cells 25 and SDF-1 also has an important role in the colonization of the BM by circulating CD34 þ HSC. In addition, it has been demonstrated in mice that pre-pro-B cells and PC compete for the same BM niche. 25 Therefore, it could be hypothesized that such PC competition for BM niches could also extend to B-cell precursors and CD34 þ HSC which use the SDF-1-CXCR4 axis in common. In line with this hypothesis we found here that in parallel to normal PC, the distribution of different B-cell subsets and CD34 þ HSC is also dysregulated in patients with monoclonal gammopathies. Interestingly, the frequency of BM pro-B and pre-B cell precursors and CD34 þ HSC in MGUS was similar to that of HA, whereas MM showed a progressively lower number of these cell populations from smoldering to symptomatic disease. These findings would further support the model of cell competition, 25 where clonal PC progressively replace B-cell precursors from their BM niches, in addition to normal PC. Whether the decrease in pre-B cells is due to an intrinsically impaired B-cell production or to direct competition with clonal PC (similarly to what has been suggested for normal PC 26, 27 ), remains to be elucidated.
In addition to normal PC and pre-B cells, total CD34 þ HSC were also decreased in the BM of SMM and MM patients, at the expense of a decreased number of lymphoid progenitors (which could be further responsible for the lower number of PB immature and naive B-lymphocytes found among MM patients). By contrast, the distribution of immature and myeloid CD34 þ HPC was not significantly altered in MGUS. Based on these data, it could be speculated that during progression from premalignant conditions (for example, MGUS and SMM) to symptomatic MM, there is a derailment in the tightly regulated and balanced competition between clonal PC and different normal cell populations (normal PC, B-cell precursors and CD34 þ HSC) for a limited number of BM niches. In line with this hypothesis, MM patients also showed increased numbers of circulating PB CD34 þ HSC and a significant correlation was observed between PB and BM cell populations (including clonal PC) potentially competing for the same BM niches; both values (and thus also the competition between them) increased from HA to MGUS, SMM and MM; this was followed by a decrease in MM POST-HDT/ASCT cases, which could be explained by niche emptiness after therapy. It would be interesting to further investigate whether this model of cell competition correlates with the malignant transformation of MGUS and progression of 'evolving' MGUS cases as well as MM patients' response after therapy; herein, MM patients achieving complete response after HDT/ASCT showed slightly (non-significant) increased numbers of normal PC, total B-cells and CD34
þ HSC vs cases in partial response (data not shown). Our results in a new model of competitive ex vivo migration assay between normal BM cells vs clonal PC in the presence of variable concentrations of SDF-1 would further support the hypothesis of cell competition, in which normal PC, B-cell precursors and CD34 þ HSC from MGUS and SMM, but not MM patients, were able to abrogate the migration of clonal PC, particularly at the lower concentrations evaluated.
Despite all associations described above, it should be noted that a relatively wide variation was found within MGUS, SMM and MM patients for the distribution of some cell populations, with overlapping numbers between HA and MGUS, MGUS and SMM and between SMM and MM. In such cases, the specific genetic background and other relevant features of tumor cells may determinate more closely the behavior of the disease. Further studies are necessary to confirm this hypothesis.
In summary, our results suggest that progressive competition and replacement of normal BM PC, B-cell precursors and CD34
þ HSC by clonal PC in BM niches from patients with monoclonal gammopathies is associated with more advanced forms of the disease. The exact composition and distribution of such BM niches and the causes leading to the potential competing advantage of clonal PC vs normal cells (for example, specific cytogenetic or epigenetic abnormalities) for such niches deserve further investigations.
